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Abstract—This study presents a systematic way to evaluate
reliability performance of large grid-connected photovoltaic
(PV) power systems considering variation of input power and
ambient-condition-dependent failure rates of critical components
including PV modules, inverters, and capacitors. State enumer-
ation is used to analyze real-life grid-connected PV systems.
Ambient-condition-dependent failure rates of major components
in PV systems are formulated and incorporated in reliability
analysis. A series of reliability indices are defined to quantify PV
systems’ reliability performance. In addition, sensitivity analyses
are extensively conducted to investigate the impact of different
factors on the performances of PV power systems. Test results on
a practical 20-kW PV project are presented to demonstrate the
effectiveness of the proposed method.

Index Terms—Inverter, photovoltaic (PV) system, reliability,
sensitivity, state enumeration.

I. INTRODUCTION

LECTRICITY generated from photovoltaic (PV) power

systems is a major renewable energy source which in-
volves zero greenhouse gas emissions and no fossil fuel con-
sumptions. The total capacity of grid-connected PV power sys-
tems have grown exponentially from 300 MW in 2000 to about
21 GWin2010[1]. A 60% average annual growth rate of PV ca-
pacity has been seen from 2004 through 2009, and an 80%—-90%
growth is anticipated in 2011. Highly reliable PV power sys-
tems, therefore, will greatly increase renewable energy output,
guarantee higher return on investment, and help curtail carbon
emissions globally.

Similar to any other electrical systems, grid-connected PV
power systems can fail because of accidental events and oc-
casional failures in its components, resulting in significant
amounts of economic loss [2]. Hence the reliability of grid-con-
nected PV power systems has been of great concern to both
utility companies and customers [3]. Normally, a PV power
system is composed of many vulnerable components [4], such
as power electronic devices and solar cells [5], whose lifecycle
reliability is highly dependent on loads and ambient conditions.
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The complex nature of PV power systems makes it challenging
to quantify the reliability of the entire generation station. The
existing literature mostly focuses on reliability assessment for
power electronic components such as IGBT [6], capacitor [7],
and inverter [8], whereas much fewer references discuss the re-
liability evaluation for the entire PV system. References [9] and
[10] presented simplified, system-level models for PV system
reliability using the Markov concept. Hierarchical reliability
block diagram was developed in[11] to model the behavior of the
PV system. Important contributions to PV reliability modeling
have been presented in [2] and [ 12], where the impact of inverter
failures on total lifetime of the PV system is quantified by using
Monte Carlo simulation. In the above literature, failure rates or
probabilities of electronic elements in the PV system are treated
as constants. These reliability parameters, however, are actually
varying with system states including solar insolation, ambient
temperature [13], and load level [14], etc.

This paper proposes a systematic reliability evaluation
method for large-scale commercial and utility-level PV power
systems. A major contribution of this paper is the quantification
of the impact of input power levels on the failure rates of critical
components such as PV modules, inverters, and capacitors.
Existing grid-connected systems are normally connected in a
centralized structure or its variants, which use a single middle or
large-sized inverter dedicated to a series of PV panels. The pro-
posed method is described using the central inverter topology.
A state enumeration technique is developed to analyze real-life
central inverter topology. It is easy to apply the method to other
topologies [15] since the state enumeration is flexible to handle
any structure. Ambient-condition-dependent failure rates of
major components in the PV system are formulated. A set of
metrics are presented to quantify PV system reliability and im-
pacts of reliability on PV system operation and energy output.
In addition, sensitivity analyses are extensively conducted to
explore the effects of different factors on the performances of
PV power systems, which serves a useful guide for PV system
design, operation, and maintenance.

The organization of this paper is as follows. Reliability mod-
eling of PV system components is introduced in Section II.
Section III describes a method to build discrete probability dis-
tribution of input power. PV reliability indices are presented in
Section IV. Test results are summarized in Section V, followed
by conclusions in Section VI.

II. RELIABILITY MODELING OF PV SYSTEM COMPONENTS

The overall picture of a large grid-connected PV system is
investigated first, before going into details of PV reliability as-
sessment. As shown in Fig. 1, the three-phase central inverter
PV system consists of three PV arrays. For each array, n PV
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Fig. 1. Schematic diagram of a PV power system using central inverters.

strings are connected to a dc combiner including a fuse and other
protection devices. DC energy generated from PV arrays flows
through dc disconnects, which creates visible gaps under con-
tingencies to isolate PV arrays from the system. The central in-
verter delivers ac power for the entire phase, normally at 208 V,
through an ac subpanel to an ac disconnect or breaker, which
eventually sends three-phase power to the utility system.

A two-step approach is adopted for the reliability evaluation
of the large-scale commercial PV systems. First, a reliability
model of each component in Fig. 1 is analyzed and parameter-
ized. Then, the system-level reliability is computed using net-
work reliability theory [16], as discussed in Sections IIl and I'V.

A. Reliability Evaluation of PV Inverter

Inverters are among the vulnerable components in PV power
systems. A PV inverter may handle a high level of power flow
and operate under high temperature environment, incurring
higher energy losses in semiconductor switches and capacitors.
High energy losses inevitably increase the core temperature
of switching devices, which degrades the inverter reliability
and increases the risk of component aging failures. Obviously,
the reliability of the PV inverter is highly dependent on solar
light intensity, ambient temperature, and input power levels.
An analysis approach is proposed to quantify the power input
related failure rates of inverter components as follows.

1) Thermal Model of IGBT and Diode: A typical single-
phase inverter consists of a connection of IGBTs and diodes,
as shown in Fig. 2. A series of empirical formula have been
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Fig. 2. Single-phase full-bridge inverter topology.

proposed for estimating power losses in IGBTs and diodes [17],
which are briefly summarized in the Appendix.

Given the power losses, the temperature rise in IGBT and
diode can be calculated by the following linear heat transfer
equations [17], [18]:

(1)
2

ATiept =011 P1GBT Joss + 012PDiode_loss

ATpiode = 21 PIGBT Joss + 022 PDiode_loss

where PigBT 1oss and Phiode_loss are power dissipations in
IGBT and diode, respectively. Coefficients #1; and fa2 are
thermal resistance of IGBT and diode, respectively, while #12
and 57 are thermal coupling coefficients between IGBT and
diode.

The junction temperatures of IGBT or diode can be calculated
by using the following formula:

Tj = Tc + AT = Ta + ea (PIGBT_IOSS + P(liorle_loss + Padd) + AT
3)
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where T}, and 7). are the ambient temperature and the case tem-
perature, respectively, #,, is the thermal resistance from ambient
to case including the sink, and P44 is the power dissipated by
other mounted devices in addition to IGBT and diode.

2) Failure Rates of IGBT: An empirical formula recom-
mended by FIDES Guide 2009 can be used to estimate the
failure rate of IGBT [19], as follows:

/\IGBT = (AOTHHThermal + AOTCyCa,sel_[TCyCase
+ dorcysilltceysy + Aorullru
+ /\OI\'IechHI\leuh)HlnducedHPI\lHProcess (4)

where Agty is the basic failure rate of IGBT due to thermal
overstress, Agrcycase to thermal cycling effect on case,
Aorcyss to thermal cycling effect on solder joint, Agrm to
humidity, and Agrpr to mechanical overstress. Correspondingly,
HThermal; HTCyCasen HTCySJp HRH; and H]V[ech are the accel-
eration factors relating to physical overstresses of electrical,
thermal, and mechanical origin. Il1,quceq represents the contri-
bution of overstresses cause by other factors, Ilpy represents
the quality of manufactured parts, and IIp,,ceqs represents the
quality and technical control over reliability in the product life
cycle.

Given the junction temperature information, the temperature

factor is calculated by

Iy | = Iy - ¢ 1604X0.7X([1/293-1/(T; +273)] (5)

where 7 is junction temperature of IGBT, and

HEI :{(Va.pplied/‘/r,IGBT)QA-, 1f (V;.pplied/‘/r,IGBT) >0.3
0.056, if (Vapptiead/Vr1aBT) <0.3.
(6)
Here Vi,pplied is the applied voltage across IGBT, and V,. 1T
is the rated reverse voltage of IGBT. Typical values of other
factors can be found in [19].

It can be seen that the failure rates of IGBTs are related to
power loss and system power input levels since the factors are
the functions of voltage or temperature while the temperature
depends on the power loss that in turn relies on system power
input levels.

3) Failure Rates of Diode: A standard reliability model for
diode [20] is adopted to estimate the failure rate of diode in PV
inverters, as follows:

)\D = )\bTI'T7T57T(77l'QTI'E (7)

where A is the base failure rate of diode, 7 is the temperature
factor, mgs is the electrical stress factor, 7 is the construction
factor, and 7 and wg are the quality and environment factor,
respectively.

Given the junction temperature T, the temperature factor is
calculated by

rp = ¢ 3091(1/(T;+273)-1/298) ®)

The electrical stress factor [21] can be calculated by

_ (Va,pplied/‘/r,diode)l;lsﬂ
Ts= {0‘054,

if 0.3< Vapplied/‘[r,diode <1
if Vapplied/T/;‘,diode S 0.3

)
where V. ,plica 1S the applied voltage across diode, and V;. diode
is the rated reverse voltage of diode.

Default values for other factors in (7) can be found in [20].
Similarly, the failure rates of diode are related to power loss and
system power input levels through temperature and voltage.

4) Failure Rates of Capacitor: Capacitor failure is a major
factor leading to the inverter failure. In particular, PV systems
mounted outdoors may suffer from a relatively high failure rate
of capacitors because of their exposure to harsher ambient en-
vironments. A commonly accepted formula [22] is adopted to
compute the failure rate of capacitor, as expressed by

1 1

A = — =
¢ ro Ly - 2Tmex —T:)/10

(10)

where ¢ is the life expectancy of capacitor, L, is the base life
at elevated maximum core temperature 7,5 such as 95 °C, and
T. is the actual core temperature. Equation (10) is in agreement
with the “life doubles every 10 °C” rule for capacitors, which
can be derived from Arrhenius’s law [23].

Equation (10) shows that life time estimation for capacitor
is a function of core temperature, which mainly depends on
the ripple current flowing through the capacitor. Given an in-
verter without storage component, as shown in Fig. 2, the cur-
rent ripple can be approximately calculated [24] as follows:

Vo
i (t) = leo cos(2wt — @)

(11)

where V, and I, represent the RMS values of grid voltage and
output current, Vy is the dc input voltage, w is the fundamental
frequency, and ¢ is the power factor. Note that higher order har-
monics produced by ON/OFF switching are neglected here due to
much smaller amplitudes [24].

From (11), the RMS ripple current is

I, = —" (12)

where P, is the output power of inverter.

The core temperature of capacitor in steady-state [25], there-

fore, can be calculated by

T, =T, +6. (IZR,) 13)
where R, is the equivalent series resistance of capacitor, 8. is
the thermal resistance from capacitor core to environment, and
T, is the ambient temperature.

Substituting (13) into (10) yields the power loss related
failure rate of capacitor.

5) Inverter Reliability: In general, a PV inverter has no par-
allel redundancy, meaning a failure in any one component will
lead to an outage of the entire inverter. Therefore, the relia-
bility of PV inverter can be modeled as a series network. The
failure rate, repair time, and availability of the PV inverter are
expressed by

Ar(P,V.T) =X + Z()\Di + Agi) (14)

1
ri(P,V.T) = 3 Aere + Z()\Dﬂ’m +Agirsi)|  (15)

APV, T) = — "1

R (o
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where A; is the failure rate, r; is the repair time, A; is the
availability, the subscripts S, D, and C represent IGBT, diode,
and capacitor, respectively, and ¢ denotes the 7th component. As
noted in (14)—(16), all three indices are functions of power flow
through the PV inverter, input voltage, and temperature.

In addition, the availabilities of dc disconnect and ac subpanel
can be computed from their failure rates and repair times, as
follows:

1/TDC
A = 17
PC T o + 1/rpe a7
l/TAC
Apc = ——— . 18
AC T Nac + rac (18

The three-phase ac disconnect can be assumed to be perfectly
reliable since it is normally closed with very low failure possi-
bility. It can be easily modeled if its failure data is available.

B. Reliability Evaluation of PV Array

1) Equivalent Reliability Parameters of PV String: A PV
string is a serial connection of m PV panels and a fuse inside
a dc combiner. There are two repairable failure modes for PV
panels that result in loss of the whole string: failure at a junc-
tion box and short-circuit of PV panel. Both result in outage of
a whole PV string until the failure is cleaned. These two failure
modes are characterized by an average failure rate and an av-
erage repair rate of PV panel. A PV panel may also be bypassed
by diodes due to an open failure or shading effect. The bypass
of PV panel generally could lower the output of a string, rather
than causing an outage of the string. In this paper, we do not
consider the bypass of panels in the series formula because this
effect is not an outage and has been represented in the input
power levels. Moreover, the probability of simultaneous bypass
of multiple modules is extremely low, which is negligible. The
equivalent reliability parameters of a PV string can be calcu-
lated by

Ase =3 Api+Ar (19)
i=1
o Z A +A (20)
rse = AT P r
S, o 2 PiTP, FTF
)‘S r
Ugp=—22" 21
5 Ner 4 1/rs, D

where A and r represent the failure rate and repair time, re-
spectively, and m is the number of PV panels in a PV string.
Here the subscripts S, P, F' indicate the equivalent PV string,
PV panel, and the fuse in the dc combiner, respectively. The
subscript r denotes that the calculated reliability parameters are
for the reparable failures. Ap; is the failure rate of the ith PV
panel, and rp; is the repair time for the sth PV panel.

2) State Enumeration for Reliability Analysis of PV Array:
Once the reliability parameters for all n PV strings in a PV array
are obtained, a state enumeration method can be developed to
compute reliability parameters of the array. State enumeration is
a generic method which is applicable to both homogenous and
heterogeneous PV strings.

It is assumed that each PV string has two mutually exclusive
states: the working state and out-of-service state. The probabil-
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ities of all possible states of a PV array with n strings can be
obtained from the expansion of the following expression:

(As1 +Us1)(Agas +Uga) -+ - (Agn + Usgn) (22)
where 7 is the number of PV strings in a PV array, and Ag ;
and Ug; are the availability and unavailability of the ith PV
string, respectively. For example, after expansion, the term
(Us1Aga--- Ag.,) is the probability of the state of string 1
down but all other strings up; (Agy---Us;---As,) is the
probability of the state of string + down but all other strings up;
and so on.

The probability of an enumerated state «v of the PV array is
calculated by

n f n—n f

pala) = H Us; H Ag;
=1 i—=1

where ny and n — ny are the numbers of failed and nonfailed
PV strings in state .

All enumerated states in which 7 PV strings fail are aggre-
gated into the jth state of the PV array. The probability of the
jth state is then expressed by

>

a€G(ns=j)

- ¥

a€G(ny=j)

(23)

Pa; = pA(Ul)

n—ngy

1T ASL) j=0,--,n. (24)
i=1

In (24), G(n; = j) denotes the set of enumerated states cor-
responding to a total of 7 strings out of service. In particular,
State 0 represents the full-up state where all n strings in an array
operate properly. State 1 corresponds to the derated state with
one PV string out of service (n — 1 contingency), State 7 to the
n — j contingency where j-out-of-n PV strings are down (n — j
contingency), and State n to the case where all strings in a PV
array are out of service. In addition, a full-down state is often
due to common causes such as lightning, hail, fire, and other
electrical or mechanical problems, but not by independent si-
multaneous failures of n strings. The common cause failure can
be also incorporated into the enumeration process as an addi-
tional failure event.

It should be noted that the main purpose of this section is to
provide one viable approach to incorporate impacts of system
power inputs, voltage levels, and power losses on failure rates
of components and in turn on the reliability of whole PV arrays.

"/f
(H Us;

=1

III. DISCRETE PROBABILITY DISTRIBUTION OF INPUT POWER

The input power of inverter directly affects the energy losses
in IGBT and capacitors, causes variations in temperature inside
power electronic devices, and hence impacts the reliability of in-
verter and energy availability of the PV system. In real-life, the
input power of a PV system is normally metered and recorded
every 1-15 minutes, which produces a chronological, highly in-
termittent curve containing a large amount of data points, as il-
lustrated in Fig. 3(a). The input power measurements can be
aggregated into a discrete probability distribution [26] to quan-
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Fig. 3. Power input of phase A. (a) A chronological annual curve; (b) discrete
probability distribution of power input.

tify their contribution to long-term reliability of PV systems. To
tackle this challenge, a K -mean clustering technique [16] is in-
troduced to eliminate the chronology and to build data points
into several power-level groups.

First, assume the annual power curve is to be divided into X
power levels. The value of K is adjustable, depending on the level
ofdetail required forreliability analysis. Forreal-life PV systems,
our experiments show that K" canbe setbetween 10 and 15, which
guarantees satisfactory results depending on cases.

Then, an annual power curve with /N data points can be clus-
tered into K power levels in the following steps.

1) Prepare initial clusters § = {S1,85....,8k} by ar-
bitrarily assigning data points to each cluster; calculate
initial cluster mean p;, where ¢ corresponds to cluster
S;,i=1,2,...,K.

2) Calculate the distance d;; from each data point P; (j =
1,2,..., N) to the ith cluster mean 1, i.e.,

dji = |Pj — pil- (25)

3) Assign each data point P; to the nearest cluster with

minimum distance for j = 1,2,...,N; recalculate
cluster means by

Z P, i=1,2,-

¢ P;es8;

1
i = K
H Ng ;

(26)

where Ng, is the number of data points in the zth cluster.
4) Repeat steps 2 and 3 until each and every ; remains
unchanged between two iterations.
5) The converged j; is the 2th mean power level with the
discrete probability p; equaling to Ng. /N, where N

is the number of power curves considered. If the time
window is a year and sampling interval is 10 min, N =
8760 x 6 = 52560.

For instance, by using the K -mean clustering method, the
chronological power curve in Fig. 3(a) is grouped into 12 power
levels, and its discrete probability distribution is shown in
Fig. 3(b). Each power level in the discrete probability distri-
bution is used to evaluate the reliability parameters of inverter
components at that power level and the expected annual energy
output and other reliability indices, as detailed in Section IV, are
weighted by the probability of each power level.

IV. PV RELIABILITY INDICES

The purposes of PV reliability analysis is to evaluate PV
system performance and to generate reliability indices that is
helpful in selecting the best design option at the planning stage,
and is useful in determining measures to reduce cost and in-
crease benefit at the operational stage. To fulfill the goals, two
types of reliability indices are introduced: energy-oriented and
time-oriented indices.

A. Energy-Oriented Indices

The energy-oriented indices are used to estimate annual PV
project yields under uncertain system conditions.

1) Ideal Output Energy (IOE): 1deal output power is the
power generated from a 100% reliable PV system, which can be
estimated from the clustered power level by applying the con-
verter efficiency curve. Therefore, the IOE is obtained by

.
I0E =) > pnipiD
1

1 =

3

where K is the number of input power levels for a single phase,
and the subscript ¢ denotes the ¢th input power level. Therefore,
(4; 1s the mean of the ¢th input power level, 1); is the efficiency
of PV inverter at j4;, p; is the probability of the ¢th power level,
and D is the total time duration considered. If the annual IOE
is considered, then D = 8760 h. The subscript / represents the
lth phase in a three-phase PV system. The total output power
of the three-phase PV system equals the sum of the power of
each individual phase. Note that the subscript [ denoting the /th
phase for each variable in (27) is omitted for simplicity. Unless
specifically noted, the subscript [ for the {th phase is always
omitted in this paper.

2) Expected Output Energy (EOE): With nonperfect relia-
bility, the expected power output of the PV system is the ideal
output multiplying the system availability. Numerically, the
sum of the expected output at each power level multiplied by
the probability of each power level gives the total expected
output energy. Applying this general idea to the central inverter
system gives

.
E()E:Z 27],,;])7;D Z
1 =1

je{0,1,2,--- .n—1}

X fimspajAri;(fiti, Vbe,i) [ApcAac (28)
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where p4; is the probability of the jth state of the PV array,
Arp;; is the availability of the inverter at the ¢th input power level
and the jth state of the PV array, f;1; represents the expected
input power of inverter after considering PV array failures, and
Apc and A e denote the availability of the de disconnect and
ac subpanel, respectively. Here f; is a ratio that takes the value 1
for State 0, (n— 1) /n for State 1, (n—2)/n for State 2, and (n—
J)/n for State 7, if the PV array is composed of n homogeneous
strings. Obviously, Ay;; is a function of input power f;x; and
inverter dc side voltage Vpc ;.

3) Energy Availability (A.): The A, is defined as normalized
EOE on the basis of IOE

_ EOE

*= T0B" (29)

It is worth noting that the physical meaning of A, is totally
different from that of A; proposed in the next subsection. A, is
proposed from the angle of energy generation. When some of the
PV strings fail but others still function, the PV system still par-
tially generates energy and hence this scenario is still counted
in A.. However, A; is constructed on the basis of repair time
requirement. Only the states of whole system functioning con-
tribute to A;. In other words, the probabilities of the states in
which some of the PV strings fail but others still generate en-
ergy are excluded from A;. In this sense, A, is more benefit- or
yield-oriented, whereas A; is more cost-oriented reflecting the
time and effort to restore the PV system back to the normal state.

B. Time-Oriented Indices

The time-oriented indices are introduced to quantify the an-
nual outage time and annual available time, which are useful for
justifying maintenance requirements for PV systems.

1) Time Availability (A:): A; is a relative measure of how
many hours the PV power system is expected to operate in
normal conditions every year and can be calculated by

K
A= H ZpipAOAI,iO(fONia Vbe,i)ApcAac
1 Li=1

A, gives the percentage time when the whole PV system stays
intact without needing repair or replacement. Note that the time
availability includes the time when the PV system has a zero
MW output due to no solar insolation.

The time availability for a single phase can be calculated by
the items enclosed within the bracket in (30). Note that the sub-
script [ for the [th phase in each variable is omitted in (30).

The unavailability is calculated by

(30)

U =1- A4 3D
The unavailability in (31) includes the probabilities that the PV
power system operates in various derated states with part of the
PV strings out of service (e.g., n — 1, n — 2 conditions, etc.).
The probability for the single derated state can also be obtained
by the state enumeration method if necessary.

2) Available (H,,), Derated (Hg,), and Outage Hours
(Hgw): The fully available hours H,, are calculated by

H., = A, - 8760. (32)
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Hy,, gives the average time in hours for whole plant shut-
down and is calculated as follows:

K

Hyw =8760 H 1_ Zpi Z
1

i=1 j€{0,1,2,---.n—1}
xXpajAri;(fiti, Vbe,i)ApcAac| (33)

The total time in hours of the PV system in derated states is
calculated by

Hy, =1— H, — Haw. (34)

The time-oriented reliability indices help one understand the
health condition of the PV system and perform intelligent asset
management.

C. Simple Example

A simplified single-phase PV system is used as an example
to clarify the physical meaning of (27)—(34). It is assumed that
the PV system consists of one inverter and two strings with
two modules in each string. The input power is clustered to two
levels only.

From (27), the ideal output energy (IOE) is expressed by

IOE = pi1mp1 D + panepe D (35)
where 111 and f5 are the average of the two input power levels
clustered, and 71 and 7 represent the efficiency of inverter at
two different power levels, respectively. Hence p171 and po1o
denote the mean of output power. Accordingly, p1 D and p2 D
are the expected duration of the two power levels within a spec-
ified total period of study.

According to (22), two strings have four enumerated states
respectively with their probabilities of AgiAgs, As1Uso,
Ug1Ags, and Ug1Ugo. The four states can be further simpli-
fied to the nonfailure state, combined one-string failure state
and two-string failure state. The probability of the combined
one-string failure equals the sum of Ag,Ug2 and Ug1 Ago. By
using the subscripts 0, 1, and 2 to represent the nonstring failure
state, combined one-string failure state, and two-string failure
state, respectively, and by assuming two PV strings have the
same availability and unavailability, the expected output energy
calculated by (28) is

2
EOE:Z nipi D Z firipajArii(fipi. Vo) ApcAac
i=1 je{0,1,2}
=D [m(forpaoArio + frinparAri)ApcAac]
+ 02D [n2(foprapaoAr20 + fiprepaiAr21)ApcAac)
(36)

where f and f; are the coefficients for the input power of in-
verter corresponding to the nonstring failure state and combined
one-string failure state, respectively. Note that the two-string
failure state does not contribute to EOE because no power is
generated under this situation. Accordingly, p 4¢ and p 41 are the
probabilities of the nonstring failure and combined one-string
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TABLE I
RELIABILITY INDICES FOR BASE CASES

Energy Indices £EOE (MWh)  1OE(MWh) Ap
20.06 20.265 (1990237
Time Indices Ay Hoe thrs)  Hyr(hrs)  Hiy (hrs)
0.90682  7943.74 816.26 de-6

failure states, and Az 10, Ar 11 and Ay 20, A7 21 are the avail-
abilities of inverter corresponding to these two failure states
when considering the PV array’s output at power levels 1 and 2.
It is worth remembering that A; ;; is the function of the input
power ( f;:) and operational voltage (V¢ ;). However, for the
purpose of simplification, f;x; and Vpe ; are not explicitly ex-
pressed in the expanded form of (36). The expression in the
brackets denotes the expected output power at a specific power
level, where all possible component failures in the PV system
are taken into account. The total expected output energy is the
sum of the product of the expected output power and duration
at each power level.
According to the definition of A;, (30) can be expanded as

A; = pipaoAr10ApcAac + pepaodr20dncAac  (37)

where only the normal state without any failure in the PV system
contributes to the time availability index.

Similarly, (33) is expanded into (38), shown at the bottom of
the page.

V. TEST RESULTS

Reliability analyses are performed using a real-life central-in-
verter PV system connected to the BC Hydro distribution net-
work. Fig. 1 shows the schematic diagram of a 20-kW three-
phase PV power system connected to the BC Hydro distribution
grid, which is located in Langley, BC, Canada. The PV system
consists of a total of 18 strings in three phases, with 96 PV mod-
ules in series in each string. The central inverter in each phase
has a maximum capacity of 7 kW and a nominal ac voltage of
208 V. Fig. 3(a) illustrates the annual power outputs of the cen-
tral inverter, whereas Fig. 3(b) is the 12 power level model of
the output obtained using the clustering technique. Note that,
in the test cases, it is not necessary to apply inverter efficiency
curve on the power input because the inverter output has been
directly measured. Reliability parameters of the PV system are
summarized in Table A-I in the Appendix, whereas the discrete
probability model for annual power outputs of the PV system is
given in Table A-II.

A. Reliability Results for Base Case

By using the reliability parameters in Table A-I, the reliability
results for the base case are obtained, as listed in Table 1.
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Fig. 4. Temperature effect on energy availability and time availability.

The results show that the energy availability of the test system
is as high as 99.02% in contrast to a time availability of only
90.68%. The rationale behind the results is that any derated
states or partial failures of the PV system are counted in the time
unavailability. On the other hand, the PV system is still able to
generate electricity during derated hours, resulting in relatively
higher energy availability.

B. Temperature Impact on PV Reliability

The temperature impact on PV system reliability was ex-
plored. The central inverter in the test PV system is located
inside an electrical room with cooling facilities. In the sensi-
tivity study, the effective ambient temperature for the central
inverter is assumed to vary between 0 °C and 40 °C. Reliability
results with temperatures from 40 °C and 60 °C are also calcu-
lated to obtain some benchmark results for outdoor central in-
verter systems for which the ambient temperature may rise up to
60 °C considering their direct exposure to sunlight and working
in high heat emitted by PV panels.

The sensitivity results are illustrated in Fig. 4. The reliability
results for lower temperature are not listed because the changes
in reliability results are not appreciable when the temperature is
below 0 °C. It can be observed from Fig. 4 that:

1) The reliability level of the PV system is reduced with tem-
perature rise. The A, decreases from 99.36% to 96.69%
due to temperature changes from 0 °C to 60 °C.

2) The time availability index A, also drops with tempera-
ture rise. This means that outage time increases under a
higher temperature condition, implying that more mainte-
nance activities are required. A, is more sensitive to tem-
perature than A;.

C. Insolation Effect on PV Reliability

Solar insolation directly determines the power input of PV in-
verter, which in turn affects power loss in IGBTs, diodes, and the
capacitor. Qualitatively, insolation rise will cause an increase of
junction temperatures in IGBT and diode and core temperature

2
Hys, 287601_[ {1 - Z]h‘ Z pajArij (fini, Vbe,i)ApcAac

l =1 je{o,1}

=8760 - [1 — (p1paoAr0ApcAac + p1pardr11ApcAac + pepacAr 204pcAac +papa1dr 21ApcAac)) (38)
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of the capacitor, and therefore, will eventually lead to a higher
failure rate of the inverter. The effect of insolation on PV system
reliability is quantified by changing the input power of inverter
from 0.2 to 1.2 times of the base case input. Fig. 5 illustrates the
sensitivity study results for insolation effects.

It can be seen from Fig. 5 that:

1) The test PV system is vulnerable to the variations in inso-
lation intensity. The energy availability A. decreases from
99.024% to 98.119% due to insolation increase from 1.0
per unit (the nominal value) to 1.2 per unit.

2) Insolation rise causes a relatively large variation after the
rating capacity (1.0 p.u.) in outage time of the PV system.
The reason is that a higher insolation level will create a
nonlinear rise of inverter failure rate.

D. Reliability as a Function of Number of PV Strings

A frequently asked question is whether the PV system reli-
ability can be enhanced by a more distributed design? This is
investigated by varying the number of strings 7 in the PV array
while keeping the output capacity of each phase array at 7 kW
and the total output of the three-phase PV system at 20 kW after
considering the highest efficiency of inverter 97.1%. The relia-
bility analysis results are shown in Fig. 6.

It can be seen from Fig. 6 that both A, and A; for the PV
system are insensitive to the increased n. On the one hand, the
failure rate of each string will reduce with the number of panels.
On the other hand, more contingencies of strings will occur as
n increases. These two opposite effects are almost offset in this
case. This is a desirable feature showing that the centralized PV
design has a robust reliability performance and hence a rela-
tively stable maintenance cost unaffected by PV array configu-
rations.
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E. Effect of Panel Failure Rate on PV Reliability

The sensitivity analysis results of changing the failure rate of
PV panel A, are shown in Fig. 7. It can be observed that the
reliability of the test PV system is sensitive to A,,, particularly
for A; because each PV string consists of many PV panels in
series. In the studied case, there are 96 panels in one string.

In addition, it may be worth pointing out that the sensitivity
curve for the repair time of the PV panel is the same as those for
the failure rate of the PV panel. This is because the availability
of the PV panel is equal to 1 /(14 A, 7,), where the two variables
are exchangeable.

Reliability sensitivity with respect to inverter repair time is
also analyzed. Moreover, the reliability performances of the
central inverter PV system and string inverter PV system are
compared. Those results are omitted due to limited space.

E. Effect of PV Degradation and Aging Failure

In general, the life of PV modules can be as high as 25 years
for most commercial products. PV degradation over time and
aging failures should be considered in reliability analysis when-
ever a PV module approaches the final stage of useful life.

In this paper, it is assumed that the efficiency of the PV
module degrades linearly with a constant slope [27], i.e., the
power output of the PV array decreases over years as follows:

pi=po[l—(k—1d k=1,...,L (39)

where py is the initial power capacity of a PV module, d is the
constant slope, & represents a specified service year, and L is
the observed life cycle.

The aging failure model proposed in [28] is adopted to calcu-
late the yearly increased unavailability due to aging failure (see
Appendix B). It is assumed that the life of the PV array obeys
a normal probability distribution with 25 years of mean (1)
and 5 years of variance (¢ 4). For a PV string considering both
reparable and nonreparable failures, the total unavailability can
be obtained by using the union concept. It is noted that IOE is
always set to be a constant of the energy generated in the first
service year in computing the annual energy availability index
A, using (29).

The changes of the system indices A, and A; over years
considering both degradation and aging failures are shown in
Fig. 8. It can be seen that A, and A; are much more sensitive
to the service age than other reliability parameters. At the end
of predicted useful life of PV array, the values of A, and A; are
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Fig. 8. System reliability for 25 years considering degradation and aging fail-
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very low, especially for A;, which represents a higher repair and
maintenance demand.

Ay is insensitive to the increase of service age in the first
15 years, but quickly goes down while approaching toward the
average life of a PV array. In contrast to A, the decreasing trend
of A, is smoother. The phenomenon reveals that A, can directly
catch the change of PV degradation and aging failure. However,
A, mainly reflects the influence of aging failure rather than PV
degradation because PV degradation can only indirectly impact
Ay through changes in the input power of inverter.

VI. CONCLUSIONS

A new analytical technique is proposed to evaluate the
reliability performance of grid-connected PV power systems.
The major contributions include the development of power
input/power loss/temperature-dependent failure rates for power
electronic components in the PV system, the reliability evalua-
tion method for PV arrays considering power output-dependent
failure rates of system components, and application of a clus-
tering technique to the discrete probability distribution model
of solar power outputs. Reliability performance indices are
defined to quantify the energy output availability and average
outage time of the PV system.

The effectiveness of the proposed method has been validated
using a real-life 20-kW grid-connected PV system. Sensitivities
of PV system reliability to system structure, temperature
variation, solar insolation, number of PV strings, and PV
panel failure rate are analyzed. Application of the proposed
method to actual PV systems can provide valuable information
that is useful to enhance PV system reliability, to choose
better PV system design options, and to realize maximum
benefit of PV power.

APPENDIX

A. Loss Estimation for IGBT and Diode

Power losses in IGBT and diode are the sum of the following
conduction losses and switching losses.
1) Conduction Losses:

PIgBT—cond

1 1
= §IMV10<;+ % cos <P>

a1 en|D (%) (%)
I, - A-1
+4ﬁ M [F(m;—a) = 1)““’”’ (A-1)
Pp10DE—cond
1 1
= §IMV20<; - % cos <p>
as | (2F2) T (%)
I — ; A-2
\/— M [F (1;2;3) r(b2;2+1)/’COS<P (A-2)

where I' is the Gamma function, V3,, a1, b1, Va,, ao, and by are
model parameters to calculate voltage drop across IGBT and
diode (see [17]), {3; and ¢ are current magnitude and power
factor at the inverter output interface, and y represents modula-
tion index.

2) Switching Losses:

(1) Losses in the active device with an ideal diode without

considering reverse recovery

1 ( ) Vapplied
on = hI 2 on Eb A'3
1 ( ) Va. plied
I . PI _

where f is the operating frequency for IGBT; the symbols
h, k and z, r are the model parameters for the calculation
of switching energy loss. kyon and kg correspond to
gate drive impedance in ON and OFF states, respectively,
and V; is the test voltage and V,,p1ieq is related to the
applied voltage.

(i) Contribution of the diode reversed recovery

17, 17,
Eicer—rR = Vapplical 14+ )t + -2t
IGBT-RR 1p1dL|:( + IL) +4IL b:|
(A-5)

where V' and I, are the applied voltage and average cur-
rent, and I,.,. is the peak reverse recovery current. For each
switching-cycle, it is assumed that the voltage across the
diode stays close to OV during the length of ¢, and rises
to the applied voltage during ;.
3) Diode Switching Losses:
EieBr sw = 0.50 - 0.5V < #. (A-6)
The instant power losses due to diode reversed recovery
and diode switching can be obtained by multiplying the corre-
sponding energy losses by the operating frequency.

B. Aging Failure Model

Given a failure density probability function f(¢), the proba-
bility of transition to aging failure of a component in a subse-
quent period ¢ after having survived for 7' years can be calcu-
lated by

JEE pe)de

P v aea——
T p(nydt

(A-7)
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Further dividing ¢ into N small intervals with the same length
Ax, the failure probabilities in all the intervals can be calculated
by

TH+iAx B " TH(i—1)Ax
Jr f(t)dtoo ;]T f(t)ds (i=1,2,...,N).
Jr f@)dt
(A-8)

If a failure happened in the ¢th interval, the corresponding
average unavailability duration is

P, ="

UD; =t—(2i — )Az/2 (i=1,2,...,N).  (A-9)

The component unavailability in a specified subsequent # pe-
riod is
N
Ure=Y_ Pi-UD;/t.

=1

(A-10)

In general, ¢ is selected as one year period and the aging
failure can be modeled by a posteriori normal distribution or
a posteriori Weibull distribution [16].

The equivalent reliability parameters of the PV string con-
sidering both reparable failure and aging failure can be yielded
using the union concept

(A-11)
(A-12)

Us=Ug,+Urs —Us,Ury
A =1-Ug
where Ug, and Ur, are the unavailability due to reparable

and nonreparable failures, respectively; Ag and Ug are the total
availability and unavailability of PV string, respectively.

C. Reliability Parameters for the PV Power System Connected
to the BC Hydro Grid

TABLE A-1
PARAMETERS FOR RELIABILITY ANALYSIS OF BASE CASE

IGBT & Diode

T(°C) H cosp WV JikHz)
25 0.8 0.95 480 20
Pl W) . °CW) 10} fd] b
11 0.11 0.9634 0.1642 0.6468
k = h I3 Ve icer(V)
1.6783 0.0181 0.0040 1.3444 480
G, ("CW) 8,:(°C/ W} G2 (°C/W) B24(°C/W) Fp(days)
).64() ().25(} (0.300 (1.830 2]
AoTH II Induced II PA Mpeocess Fsi (da}-‘s)
0.3021 2.0 1.7 44 20
kx{gﬁ' kgrm I’:, dfm‘f’(v} Iil{r(HS) (I?(ns)
1.0 1.5 [S1000] 259 341
F20(V) a by In(A)
0.711 1.136 .395 10
Ay E Tc o
0.005 6.0 1.0 2.4
Capacitor
Lythours) Tinaxl °C) Ry(Q) O.("CW) reldays)
20000 95 .02 15.6 10
PV array
Ap; g LF rp d ualyears)  ay(years
1.1416 48 5.7078 10 0.5% 25 3
DC disconnect and AC subpanel
Apc roc Aac AC
0.05 16 0.01 10

Note: The unit for the failure rates is 1/(10° h) and repair time is hours.
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D. Clustered Inverter Output Power Levels and Probabilities

TABLE A-I1
CLUSTERED POWER LEVELS AND ASSOCIATED DC VOLTAGES AND
PROBABILITIES DERIVED FROM ANNUAL INVERTER OUTPUT CURVE

Level § N _
Mean 1 2 3 4 3 6
107, (W) 274 860 1212 2652 5049 3269
Vi (V) 384 394 392 371 334 3635
Pi 0071  0.040 0.036 0.025 0.026 0.021
Level 7
Mean 7 8 9 10 11 12
wni (W) 5960 4078 2102 1622 549 6.62
Vi (V) 319 351 379 388 391 74
pi 0.028 0027 0025 0028 0047  0.626
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